Ca II triplet spectroscopy has been used to derive stellar metallicities for individual stars in four LMC fields situated at galactocentric distances of 3
and 8
• to the north of the Bar. Observed metallicity distributions show a well defined peak, with a tail toward low metallicities. The mean metallicity remains constant until 6
• ([Fe/H]∼-0.5 dex), while for the outermost field, at 8
• , the mean metallicity is substantially lower than in the rest of the disk ([Fe/H]∼-0.8 dex). The combination of spectroscopy with deep CCD photometry has allowed us to break the RGB age-metallicity degeneracy and compute the ages for the objects observed spectroscopically. The obtained age-metallicity relationships for our four fields are statistically indistinguishable. We conclude that the lower mean metallicity in the outermost field is a consequence of it having a lower fraction of intermediate-age stars, which are more metal-rich than the older stars. The disk age-metallicity relationship is similar to that for clusters. However, the lack of objects with ages between 3 and 10 Gyr is not observed in the field population. Finally, we used data from the literature to derive consistently the age-metallicity relationship of the bar. Simple chemical evolution models have been used to reproduce the observed age-metallicity relationships with the purpose of investigating which mechanism has participated in the evolution of the disk and bar. We find that while the disk age-metallicity relationship is well reproduced by close-box models or models with a small degree of outflow, that of the bar is only reproduced by models with combination of infall and outflow.
Subject headings: galaxies: evolution -galaxies: stellar content -Magellanic clouds
Introduction
Despite decades of work, there are still significant gaps in our knowledge of the LMC's star formation and chemical enrichment histories (Olszewski et al. 1996) . This is motivated in part by the vastness of its stellar populations and to our limitations in observing sizable samples of stars. The age distribution of star clusters is relatively well known (e.g. Geisler et al. 1997) : there is an age interval between 10 and 3 Gyr with almost no clusters. This so-called age-gap may also correspond to an abundance gap (Olszewski et al. 1991) , since the old clusters are metal-poor while the young ones are relatively metal-rich. The star formation history (SFH) of field stars is much less precisely known. Studies using HST data in small fields, suggest that the SFH of the LMC disk has been more or less continuous, with some increase in the star formation rate (SFR) in the last few Gyr (e.g. Smecker-Hane et al. 2002; Castro et al. 2001; Holtzman et al. 1999 ). This contrasts with previous results (based on much shallower data), which found a relatively young age (a few Gyr) for the dominant LMC population (Hardy et al. 1984; Bertelli et al. 1992; Westerlund, Linde, & Lynga 1995; Vallenari et al. 1996) . The SFH of the LMC can now be studied using sufficiently deep ground-based data (e.g. reaching the oldest main-sequence turn-off with good photometric precision) in large areas and in different positions of the galaxy (e.g. Gallart et al. 2004 .
Less is known about the LMC chemical enrichment history. The age-metallicity relation (AMR) normally used for the LMC is defined by star clusters (e.g. Olszewski et al. 1991; Geisler et al. 1997; Bica et al. 1998; Dirsch et al. 2000) . All works based on clusters obtain similar results. The mean metallicity jumps from [Fe/H] ∼ −1.5 for the oldest clusters to [Fe/H] ∼ −0.5 for the youngest ones. There were no studies on the field population AMR until the last decade. Dopita et al. (1997) , from a study of α-elements in planetary nebulae, obtained a result qualitatively similar to that found in the clusters although only ten objects were used. Later, Bica et al. (1998) , using Washington photometry, and Cole, Smecker-Hane, & Gallagher (2000) and Dirsch et al. (2000) , using Ströngrem photometry, obtained the metallicity of RGB stars in different positions of the LMC. Cole, Smecker-Hane, & Gallagher (2000) also observed 20 stars with the infrared CaII triplet (CaT). All of them found that the age-gap observed in the clusters is not found in the field population. More recently, Cole et al. (2005) have obtained stellar metallicities for almost 400 stars in the bar of the LMC, also using CaT lines. The metallicity for each star has been combined with its position in the color-magnitude diagram (CMD) to estimate its age. The obtained AMR shows a similar behavior to that of the clusters for the oldest population. However, while for the clusters the metallicity has increased over the last 2 Gyr, this has not happened in the bar. Finally Gratton et al. (2004) measured the metallicity of about 100 bar RR Lyrae, obtaining an average metallicity of [Fe/H] = −1.48.
Another point that it is necessary to investigate is the presence, or not, of an abundance gradient in the LMC. From observations of clusters, Olszewski et al. (1991) and Santos Jr. et al. (1999) found no evidence for the presence of a radial metallicity gradient in the LMC. The only evidence for a radial metallicity gradient in the LMC cluster system was reported by Kontizas, Kontizas, & Michalitsiano (1993) based on six outer LMC clusters (≥ 8 kpc). Hill, Andrievsky, & Spite (1995) were the first to report evidences of a gradient in the field population from high-resolution spectroscopy, using a sample of nine stars in the bar and in the disk. They found that the bar is on average 0.3 dex more metal-rich than the disk population, but the disk stars studied are located within a radius of 2
• . Subsequent work by Cioni & Habing (2003) , detected that the C/M ratio between number of asymptotic giant branch stars of spectral types C and M increased when moving away from the bar and within a radius of 6.
• 7. As the C/M ratio is anticorrelated with metallicity, this increment implies a decrease in metallicity. Finally, an outward radial gradient of decreasing metallicity was also found by Alves (2004) from infrared CMD using the 2MASS survey.
We have obtained deep photometry with the Mosaic II CCD Imager on the CTIO 4m telescope in four disk fields at different distances from the center of the LMC (RA=5 h 23 m 34. s 5, δ=-69
• 45'22") with a quality similar to that obtained by HST in more crowded areas (see Paper I). The position of these fields, together with a description of their CMDs, are presented in Paper I, and detailed SFHs will be published in forthcoming papers. In the present investigation we focus on obtaining stellar metallicities for a significant number of individual RGB stars in these four fields using spectra obtained with the HYDRA spectrograph at the CTIO 4m telescope. In Section 2 we present our target selection. The observations and data reduction are presented in Section 3. The radial velocities of the stars in our sample are obtained in Section 4. In Section 5 we discuss the calculation of the CaT equivalent widths and the determination of metallicities. Section 6 presents the method used to derive ages for each star by combining the information on their metallicity and position on the CMD. The analysis of the data is presented in Section 7, where the possible presence of a kinematically hot halo is discussed and the AMR and the SFH in each of our fields are described and compared. In the final section, the AMRs are compared to theoretical models and conclusions are drawn about the chemical evolution of the LMC.
Target Selection
Our starting point are deep CMDs of four 36 ′ × 36 ′ fields located ∼3
• , 5
• , 6
• and 8
• from the LMC center, which are presented and discussed in Paper I. All fields are located north of the LMC bar, and their CMDs reach the oldest main-sequence turn-offs. A clear gradient exists in the amount of intermediate-age and young populations from the inner to the outermost fields, in the sense that the young population is more prominent in the inner parts (see Paper I for a more detailed discussion).
In each field we have selected the stars to be observed with HYDRA in two windows in the CMD, which are plotted in Figure 1 . The bluest color limit has been selected to avoid upper red-clump and red supergiant stars and the lower magnitude limit to avoid including red-clump stars in the spectroscopic sample. The blue edge of the window is sufficiently blue to ensure that no metal poor stars would be excluded (the position of the blue ridge corresponds approximately with the position of ∼2 Gyr old stars with [Fe/H]=-3). Similarly, the opposite edge is sufficiently red so that even old stars with solar metalicities, or even higher, fit within the box. These selected stars have been ordered from the brightest to the faintest ones, with no color restriction. This list has been used as input for the configuration task of the instrument, which tries to optimize the number of allocated fibers. The first stars in the list, the brightest ones, have priority over the others.
Observations and Data Reduction
The observations were carried out in two different runs, in December 2002 and in January 2005, at the CTIO 4 m telescope with the HYDRA multifiber spectrograph. We used the KPGLD grating, which provides a central wavelength of 8500Å, and a OG590 order-blocking filter. The physical pixels were binned 2 × 1 in the spectral direction yielding a dispersion of 0.9Å/pix. HYDRA has a field of view of about 40 arcmin, which on account of the high density of stars in our fields, allowed us to observe more than 100 stars in each configuration, with the 140 available fibers. Because of technical problems and bad weather, on our first run we were able to observe only two configurations located at 5
• respectively. In the more successful second run, one fiber configuration in each field was observed except for the closest one, where we observed two configurations. Stars in two globular clusters, NGC 4590 and NGC 3201, were also observed. Those in the first were used as radial velocity standards, but also to compare the equivalent widths determined through the present set-up with those setups used for the cluster observations reported in Carrera et al. (2007, hereafter Paper II) . Since the differences were negligible (see Figure 1 of paper II), the second cluster was included in the calibration of the CaT as metallicity indicator. We concluded that the LMC equivalent widths obtained with the present observational setup could be directly transformed into [Fe/H] using the calibration in paper II. Equivalent widths, magnitudes and radial velocities for the 702 stars observed in the LMC are listed in Table 1 .
The data reduction was done following the procedure described in Knut Hydra notes 1 . First, cosmic rays were removed from the images using the IRAF 2 Laplacian edge-detection routine (van Dokkun 2001) . All images were then bias-and overscan-subtracted, and trimmed. Flat exposures were taken during the day with a diffusing screen installed in the spectrograph to obtain the so-called "milk-flat", which is used to correct the effect of the different sensitivities among pixels. It was applied to all images using ccdproc. The spectra were extracted, flat-field corrected (see bellow), and calibrated in wavelength using dohydra, a program developed specifically to reduce the data obtained with this spectrograph. The lamp flats acquired at the beginning of each configuration were used to define and trace each 1 http://www.ctio.noao.edu/spectrographs/hydra/hydra-knutnotes.html 2 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
aperture. The sky flats were used to eliminate the residuals after the flat-field correction with the milk-flat. Arcs, obtained before and after each configuration, were used for wavelength calibration.
Dohydra can also perform sky subtraction. However, we noticed that after sky subtraction, there remained significant sky line residues. We therefore developed our own procedure to remove the contribution of the sky lines from the object spectra. For a given configuration, we obtain an average high signal-to-noise ratio (S/N) sky spectrum from all fibers placed on the sky. Before subtracting this averaged sky from each star spectrum, we need to know the relation between the intensity of the sky in each fiber (which varies from fiber to fiber owing to the different fiber responses) and the average sky. This relation is used as a weight (which may depend on wavelength) that multiplies the average sky spectrum before subtracting it from each star. Our task minimizes the sky line residuals over the whole spectral region considered and allows very accurate removal of the sky emission lines. An example of raw, sky and final object is shown in Figure 2 .
We obtained between three and four exposures of 2700 s in each configuration. To minimize the contribution of residuals arising from cosmic rays and bad pixels, all spectra of the same object were combined. Finally, each object spectrum was normalized with the continuum task by fitting a polynomial, making sure to exclude all absorption lines in our wavelength range, such as the CaT lines themselves.
Radial Velocities
Our main purpose in obtaining radial velocities for our program stars is to reject possible foreground objects. However, radial velocities can provide more useful information, as discussed in depth in Section 7.1. The radial velocities were calculated with the fxcor task in IRAF, which performs the cross-correlation described by Tonry & Davis (1979) between the spectra of the target and selected templates of known radial velocities. As templates, we used three stars in the globular cluster NGC 4590 (M68) with radial velocities obtained by Geisler et al. (1995) . The final radial velocities for all the stars in our sample were obtained as the average of the velocities obtained with the three templates, weighted by the width of the corresponding correlation peaks. Radial velocity histograms for each field are plotted in Figure 3 . A Gaussian function was fitted in order to obtain the central peak and the σ of each distribution (values listed in Table 2 ). The velocity distribution of the field located 3
• from the center shows two peaks, which are marked in Figure 3 . Stars with radial velocity in the range 170 ≤ V r ≤ 380 km s −1 (Zhao et al. 2003) are considered LMC members. Only about 20 stars in each configuration of the instrument have been excluded based on their radial velocity. These results are discussed in depth in Section 7.1.
CaT Equivalent Widths and Metallicity Determination
The metallicity of the RGB stars is obtained following the procedure described in Paper II. In short, the equivalent width is the line area normalized to the continuum. The continuum is calculated from the linear fit to the mean value of each bandpass, defined to obtain the continuum position. We have used the continuum and line bandpasses defined by Cenarro et al. (2001) , which are listed in Table 3 . The equivalent widths are calculated from profile fitting using a Gaussian plus a Lorentzian. This combination provides the best fit to line core and wings as discussed in Paper II. The CaT index is defined as the sum of the equivalent widths of the three CaT lines, denoted as ΣCa. The ΣCa calculated for each observed star and its uncertainty are given in Table 1 , together with the star magnitude and radial velocity. The reduced equivalent width, W ′ I , for each star has been calculated as the value of ΣCa at M I =0, using the slope obtained in Paper II for the calibration clusters in the M I -ΣCa plane (β I = −0.611Åmag −1 ).
In Paper II we obtained relationships between the reduced equivalent widths, W ′ V and W ′ I , and metallicity, on the Zinn & West (1984) , Carretta & Gratton (1997, hereafter CG97) and Kraft & Ivans (2003) scales. In this case, we will only use the relationships obtained on the CG97 metallicity scale, because it is the only one in which the metallicities of our open and globular calibration clusters have been obtained in a homogeneous way from highresolution spectroscopy.
In order to verify that the V and I relationships give similar results, we have applied both to obtain the metallicities of the stars observed in the field located at 5
• . The differences are on average −0.01 dex, and never larger than 0.15 dex for stars with (V − I) ≤ 2.5. For stars with colors larger than this, the differences are on average 0.2 dex and never get above 0.35 dex. The calibration stars used in Paper II have (V −I) < 2.5, so the metallicities calculated for the reddest stars are necessarily extrapolations of the relationships. On average, the relationship based on M I yields metallicities slightly lower than those obtained from M V , but always within the uncertainties. In what follows we will use the relationship based on M I , because: i) the photometric accuracy in I is slightly better than in V , especially for the reddest stars on the RGB; ii) the RGB is better resolved in the I band; and iii) from a theoretical point of view , it is likely that the relationship based on M I is less sensitive to age. In short, then, the metallicity for each star is given by:
Binarity could affect the derived metallicity only in the unlikely case of the two stars in the system being RGB stars of a very similar mass. In this case the system would be ∼0.7 mag brighter than a single star. As the binarity might not affect the equivalent width of the CaT lines, the derived metallicity would be lower by ∼0.4 dex than the actual metallicity. Figure 4 shows the position of LMC radial velocity member stars in the M I -ΣCa plane for our four fields, from the innermost one (top left) to the outermost field (bottom right). The star with ΣCa = 11 and M I = −2 in the field situated at 5
• has a well measured ΣCa and radial velocity V r = 264 km s −1 (the mean V r of the sample is 278 ± 20 km s −1 ), so it seems to be an LMC RGB star with unusually large metallicity. However, a reliable metallicity cannot be obtained with the present calibration, which is only valid for [Fe/H] ≤ +0.47. The extrapolation of our calibration gives [Fe/H] = +0.72 ± 0.4 for this star.
The metallicity distribution of each field is shown in Figure 5 and will be discussed in extenso in Section 7.2. In Figure 6 the observed stars have been plotted in the color-magnitude diagram employing different symbols as a function of their metallicity. It is important to highlight that there is no correlation between the metallicity of the stars and their position in the color-magnitude diagram, as was also found in other galaxies (e.g. Pont et al. 2004; Cole et al. 2005; Koch et al. 2006 ). This shows once more that the metallicities derived from the position of the stars in the RGB are unreliable in systems with complex SFHs.
Determination of stellar ages
For a given age, the position of the RGB on the color-magnitude diagram depends mainly on metallicity in the sense that more metal-rich stars are redder than more metalpoor ones. At the same time, for a fixed metallicity, older stars are also redder than younger ones. If we take into account the logical assumption that younger stars are also more metalrich, age may partly counteract the effect of metallicity. The combination of both effects is the well known RGB age-metallicity degeneracy, which sets a limit on the amount of information that can be retrieved from the RGB using only photometric data. However, if stellar metallicities are obtained independently from another source, such as spectroscopy, we should in principle be able to break the age-metallicity degeneracy. Pont et al. (2004) and Cole et al. (2005) have derived stellar ages from isochrones for stars whose metallicity had been previously obtained from low-resolution spectroscopy. In our case, instead of directly comparing the position of the star in the CMDs with isochrones, we have obtained a relation for the age as a function of color, magnitude and metallicity from a synthetic CMD. This allows to easily obtain ages for the large number of stars in our sample.
The reference synthetic CMD has been computed using IAC-STAR 3 (Aparicio & Gallart 2004) . Its main input parameters are the SFR and the chemical enrichment law, as a function of time. Since we are interested in a general relation, we have chosen a constant SFR for the whole range of ages (13 ≥ (Age/Gyr) ≥ 0) and a chemical enrichment law such that a star of any age can have any metallicity in the range −2.5 ≤ [Fe/H] ≤ +0.5. Both the constant SFR and the chemical enrichment law ensure that there is no age or metallicity bias. We have computed two synthetic CMDs, one using the BaSTI stellar evolution library (Pietrinferni et al. 2004 ) and another using the Padova library (Girardi et al. 2002) respectively. The ranges of ages and metallicities covered, as well as other important features of each library are listed in Table 1 of Gallart, Zoccali & Aparicio (2005) .
Since the uncertainty of the age assigned by stellar evolution models to bright AGB stars is large, we will only compute ages for RGB and AGB stars fainter than the RGB tip (M I ∼-4 in Figure 1 ) . We have chosen the synthetic stars in the box below the tip of the RGB shown in Figure 1 . We have computed a polynomial relationship which gives the age as a function of [Fe/H] ≡ log(Z/Z ⊙ ), (V-I) and M V . In order to minimize the σ and to improve the correlation coefficient of the relation, different linear, quadratic and cubic terms of each observed magnitude have been added. When the addition of a term did not improve the relation we rejected it. The best combination of these parameters is in the form of Equation 2 and the values obtained for each stellar evolution library are shown in Table 4 . Note that each stellar evolution library has its own age scale, and some differences might exist among them.
The uncertainties of each term on Equation 2 are given in Table 4 . However, the way in which they propagate into the error of the age is complex. For this reason a Monte Carlo test has been performed to estimate age errors. The synthetic stellar population computed from BaSTI stellar evolution models has been used to this purpose. That based on the Padua library would have produced similar results. The test consists in computing, for each synthetic star, several age values for stochastically varying [F e/H], (V − I) and M V according to a gaussian probability distribution of the corresponding σ (σ [F e/H] ∼0.15 dex; σ (V −I) ∼0.001 and σ M V ∼ 0.001). The σ value of the obtained ages provide an estimation of the age error when Equation 2 is used. The values obtained for different age intervals are shown in Figure 7 . The error increases for older ages.
We have also investigated the accuracy with which the age of a real stellar population is measured. The stars in open and globular clusters in Paper II, which ages are independently known, are used for this purpose. We adopt the ages estimated by Salaris & Weiss (2002) and Salaris, Weiss, & Percival (2004) , which are in a common scale, for a globular and open clusters, respectively. They are listed in Table 1 of Paper II.
The age of each cluster star has been estimated from Equation 2 assuming the distance modulus and reddening listed in Paper II. The metallicity of each star has been calculated following the same procedure as for the LMC stars (see Section 5). The age of each cluster has been obtained as the mean age derived from all the stars in each cluster and the quoted uncertainty is the standard deviation of this mean. Ages derived for each cluster from the BaSTI and Padova relationships in Table 4 , versus the reference values for each cluster, have been plotted in Figure 8 . The relationships saturate for ages older than 10 Gyr because differences of 1 or 2 Gyr produce only negligible variations of position in the CMD. In both cases, the age of clusters younger than 10 Gyr are well reproduced. Differences between the age derived with each model and the reference value are within the error bars, with the exception of cluster NGC 6819 for the BaSTI relationship. The large errorbar of the youngest cluster, NGC 6705, is due to the fact that the stars observed in this cluster are fainter that the synthetic stars used to derive the relationships. Therefore, we are extrapolating the relations to obtain the age of this cluster. As both models produce similar values, we adopted for simplicity the relationships derived from the BaSTI stellar library (Pietrinferni et al. 2004 ).
Analysis

Stellar kinematics of the LMC
In Figure 9 we have plotted the mean of the velocity distribution for each field (including the Cole et al. 2005 , bar field) as a function of its Galactic longitude. The mean velocity changes from field to field due to the disk rotation of the LMC. The radial velocities of carbon stars derived by Kunkel et al. (1997) have also been plotted. Our data are in good agreement with their result, which is consistent with the presence of a rotational disk.
If a classical Milky Way-like halo existed in the LMC (i.e. old, metal-poor and with high velocity dispersion), a dependency between the velocity dispersion and metallicity/age of the stars in our sample might be observed. The first evidence of the presence of a kinetically hot spheroidal population was reported by Hughes, Wood, & Reid (1991) . They found that the LMC long period variables, related to an old stellar population, have a high velocity dispersion (33 km s −1 ), with a low rotational component. Minniti et al. (2003) measured the kinematics of 43 RR Lyrae stars in the inner regions of the LMC and found that the velocity dispersion of these stars is 53 ± 10 km s −1 , which they associated with the presence of a kinematically hot halo populated by old metal-poor stars. Some studies of the intermediateage and old populations have found that the velocity dispersion increases with age (e.g. Hughes, Wood, & Reid 1991; Schommer et al. 1992; Graff et al. 2000) . In fact Graff et al. (2000) , using C stars, have found the stars of the disk belong to two populations: a young disk population containing 20% of stars with a velocity dispersion of 8 km s −1 , and an old disk population containing the remaining stars with a velocity dispersion of 22 km s −1 .
We can check the presence of a hot halo with our sample stars. Assuming that stars with similar metallicities are of similar ages (see below), a possible dependency of velocity dispersion with metallicity could indicate whether different stellar populations have different kinematics.
The procedure has been the follow up. The mean velocity in each field has been subtracted from the radial velocity of each star to eliminate the rotational component of the disk. The total metallicity range has been divided into three bins. The velocity dispersion of stars in each metallicity bin is listed in Table 5 and plotted in Figure 10 . The velocity dispersion for old and metal-poor stars, 26.4 km s −1 , is slightly smaller than the value found by Hughes, Wood, & Reid (1991) for the old long period variables (σ=33 km s −1 ) and significantly smaller than the dispersion found in RR Lyrae stars (σ ∼53 km s −1 , Minniti et al. 2003) . Cole et al. (2005) found a velocity dispersion of σ = 40.8 km s −1 for the most metalpoor stars in the bar, which is also higher than the value found here. The metal-poor stars in our sample seem to be members of the thick disk instead of the halo. In short, from our data we have found no clear evidence for the presence of a kinematically hot halo populated by old stars.
Metallicity distribution
The metallicity distribution for each field is shown in Figure 5 . We have fitted a Gaussian to each one in order to obtain its mean value and dispersion (Table 6 ). The mean value is constant at [Fe/H]∼-0.5 dex up to 8
• , where the mean metallicity decreases by about a factor of two ([Fe/H]=-0.8 dex). All metallicity distributions are similar. They show a clear peak with a tail toward low metallicities. We complement our sample with the results by Cole et al. (2005) , who derived stellar metallicities in the bar in a similar way as here. As demonstrated in Paper II, their CaT index is equivalent to ours. Using their measurements of the ΣCa we can calculate the metallicities from Equation 1. We have also fitted a Gaussian to the resulting bar metallicity distribution to obtain its mean value. On average, the bar is slightly more metal-rich than the inne disk [Fe/H]∼-0.4 dex).
Age-metallicity relationships
To understand the nature of the observed metallicity distributions, and to join insight on SFR and the chemical enrichment history of the LMC fields, we have estimated the age of each star in our sample following the procedure described in Section 6. These individual age determinations have a much larger uncertainty than the metallicity calculations. However, they are still useful because we are interested in the general trend rather than in obtaining precise values for individual stars.
We assumed that the oldest stars have the same age as the oldest cluster in our galaxy, for which we adopt 12.9 Gyr (NGC 6426, Salaris & Weiss 2002) . This agrees with a 13.7±0.2 Gyr old Universe (Spergel et al. 2003) where the first stars formed about 1 Gyr after the Big Bang. Another important point is the youngest age that we can find in our sample. According to stellar evolution models (Pietrinferni et al. 2004 ), we do not expect to find stars younger than 0.8 Gyr in the region of the RGB where we selected our objects. However, application of Equation 2 may result in ages younger than this value. To avoid this contradiction, and taking into account that the age determination uncertainty for the younger stars is about 1 Gyr, we assigned an age of 0.8 Gyr to those stars for which Equation 2 gives younger values. Finally, as the relationships used to estimate the age have been calculated for stars below the tip of the RGB, only stars fainter than this point have been used.
The age of each star versus its metallicity (i.e. the AMR) has been plotted in Figure  11 for each field. The many stars with the same age that appear both at the old (12.9 Gyr) and young (0.8 Gyr) limits are the consequence of the boundary conditions imposed on the ages, and the exact values should not be taken at face value. The age error in each age interval, computed in Section 6, is indicated in the top panel. The age distribution for each field has been plotted in inset panels. The histogram is the age distribution without taking into account the age uncertainty. The solid line is the same age distribution computed by taking into account the age error. To do this, a Gaussian probability distribution is used to represent the age of each star. The mean and σ of the Gaussian are the age obtained for the star and its error, respectively. The area of each Gaussian is unity. In stars near the edges, the wings of the distributions may extend further than the age physical limits. In such cases, we truncated the wing and rescaled the rest of the distribution such that the area remains unity.
Stars brighter than M I =-3.5 were not used in Paper II to obtain the metallicity calibration of ΣCa (Equation 1). However, we observed stars brighter than M I =-3.5 in the LMC. Therefore, extrapolation of Equation 1 has been used to obtain the metallicity of these stars, but only for those below the tip of the RGB. It is necessary to check whether this has introduced any bias in the obtained AMR. Paper II demonstrated that the sequences described by cluster stars used for the calibration in the M I -ΣCa plane are not exactly linear and have a quadratic component. In the interval M I =0 --3.5 the difference between the quadratic and linear behaviors are negligible. However, for brighter stars, the deviation from the linear behavior might be important, resulting in a possible underestimation of the metallicity of these stars. To check this point, in Figure 12 we have plotted as filled squares stars with magnitudes within the range of the calibration. Open circles are stars whose metallicities have been obtained by extrapolating the relationship (-3.5≥ M I ≥-4). The mean metallicity and its dispersion for several age intervals have been also plotted for both cases. The differences between both groups are smaller than the observed dispersion and therefore we conclude that no strong bias is produced as a consequence of extrapolating Equation 1 for bright stars. Figure 11 shows that the AMR is, within the uncertainties, very similar for all fields. As expected, the most metal-poor stars in each field are also the oldest ones. A rapid chemical enrichment at a very early epoch is followed by a period of very slow metallicity evolution until around 3 Gyr ago, when the galaxy started another period of chemical enrichment that is still ongoing. Furthermore, the age histograms for the three innermost fields are similar, although the total number of stars decreases when we move away from the centre. The outermost field has a lower fraction of "young" (1-4 Gyr) intermediate-age stars. This indicates that its lower mean metallicity is related to the lower fraction of intermediate-age, more metal-rich stars rather than to a different chemical enrichment history (for example, a slower metal enrichment).
With the aim of obtaining a global AMR for the disk, in the following we will quantitatively address the question of whether the AMRs of all our disk fields are statistically the same. We have calculated the mean metallicity of the stars and its dispersion in six age intervals, for each field and for the combination of the four. The values obtained are listed in Table 7 . To compare the values obtained in each field with those for the combined sample, we performed a χ 2 test such that
, where σ 2 i is the sum of the uncertainties squared in the age bin i of the field and the combined AMR. The last column in Table 7 shows the values χ
From these values we may conclude that the AMR of each field is equivalent to that of the combined sample to a probability of more than 99 per cent. Now we will compare the global AMR obtained for the disk with that observed in the bar. The bar stellar ages have been obtained using the relation calculated in Section 6. The age versus metallicity for each star in the bar (left) and disk (right) have been plotted in Figure 13 . Notice that with a different method and different stellar evolution models, the AMR obtained here for the bar is quite similar to that obtained by Cole et al. (2005) . We performed a χ 2 test as before between the galaxy disk and bar AMRs. They are the same to within a probability of 90 per cent. However, a visual comparison would indicate that, while in the disk the metallicity has risen monotonically over the last few Gyr, this is not the case for the bar. However, from the comparison of the mean metallicities and the errorbars for stars in this youngest bin (1-3 Gyr) it appears that this difference is statistically significant.
The global disk AMR is qualitatively similar to that of the LMC cluster system (e.g. Olszewski et al. 1991; Dirsch et al. 2000) , except for the lack of intermediate-age clusters (Figure 14) . Clusters show a rapid enrichment phase around 10 Gyr ago which is also observed in the disk and the bar. The second period of chemical enrichment in the last 3 Gyr is also observed both in the field and in the clusters. The field intermediate-age stars may have contributed to the chemical enrichment at recent times. Note that the Grocholski et al. (2006) sample has a maximum metallicity [Fe/H]=-0.6, i.e. it does not seem to participate on the high metallicity tail at young ages that we and the other authors analysing clusters samples find. In the three works, there are a number of young clusters with low metallicity for their age, which Bekki & Chiba (2007) associate with metal-poor gas stripped from the SMC due to tidal interaction between the SMC, LMC and the Galaxy over the last 2 Gyr. A few stars also have low metallicity for their age in our sample, but they represent a minor contribution to the total.
The Star Formation History
More information can be retrieved from the AMRs. In particular we can also derive an approximate SFH of the LMC if we can establish that the observed stars are representative of the total population. The number of stars in each age bin can be transformed into stellar total mass, after accounting for the number of stars with a given age that have already died. To evaluate this correction we have computed a synthetic CMD using IACstar (Aparicio & Gallart 2004) . We have assumed a constant SFR and used the relations derived for the chemical enrichment. As we have only observed a fraction of the total stars in the region of the RGB, we have rescaled the result to the total number of stars in this region.
In order to check whether the procedure used to select the stars observed spectroscopically introduces any bias in the computed SFH, we have calculated a synthetic CMD with a known chemical enrichment history and SFR. It was computed such that the number of stars in the selection region was the same as in the field at 3
• . The input SFR as a function of age, ψ(t), is plotted as a solid line in Figure 15 . To check that the selection criteria did not introduce biases, we have selected objects from this synthetic CMD in the same way as from the LMC fields (see Figure 1) . We assigned random positions to each synthetic star and, using the HYDRA configuration software, we computed 20 test configurations. The number of objects selected in each configuration, about 115, is similar to the observed stars in the LMC fields. For each test configuration, we calculated ψ(t) following the procedure described above. The mean of the 20 total tests is the dashed line in Figure 15 . The error bars are the standard deviation of the 20 tests. We repeated the same test, but obtaining the ages of each synthetic star using Equation 2. The result is the dotted line in Figure 15 . As we can see in this Figure, the recovered ψ(t) are consistent with the real one. In half of the bins the differences are within the error bars and in the rest they are within 3σ.
The ψ(t) derived from our four fields are shown in Figure 16 (solid line), which has been computed from the age distribution, taking into account the age error (see Figure 7) . The uncertainty in the computed ψ(t) has been estimated as the square root of the SFR value for each age (dotted lines). However, values of the SFR for different ages are not independent from each other because the integral for the full age interval is a boundary condition of the solution. In other words, fluctuations above the best solution should be compensated by others below it, and a solution close to, for example, the upper (or the lower) dashed line is very unlike. As a comparison, the ψ(t) computed without taking into account the age error has also been plotted in Figure 16 . All fields have a first episode of star formation more than 10 Gyrs ago. Then, ψ(t) decreases until ∼5 Gyr ago, when it rises again in the inner regions of the LMC (r≤6
• ). This enhancement of ψ(t) is not observed in the outermost field.
We followed the same procedure to calculate ψ(t) for the bar stars. The bar ψ(t) is shown in Figure 17 . In this case we do not know the total number of objects in the region where the observed stars were selected. For this reason, we have plotted the percentage, over the total, that the SFR represents in each age bin. In the right panel of the same Figure, the ψ(t) of the disk, obtained as a combination of the four fields in our sample, is shown. The bar ψ(t) is similar to that derived in small fields from HST deep photometry (Holtzman et al. 1999; Smecker-Hane et al. 2002) , as indeed is expected since the HST fields are in the same region in which the RGB stars were observed. Both in the bar and in the disk, the galaxy started forming stars more than 10 Gyr ago, although in the bar the initial enhancement of ψ(t) is not observed. For intermediate ages, the SFR was low until about 3 Gyr ago, when another increase in the SFR, which is particularly intense in the bar, is observed. This is consistent with previous investigations (e.g. Hardy et al. 1984; Smecker-Hane et al. 2002) and with the SFR derived from the clusters. The cluster age gap coincides with the age interval in which star formation has been less efficient.
A Chemical Evolution Model for the LMC
In what follows we use the AMR to obtain information on the physical parameters governing the chemical evolution of the LMC. As a first approximation, we will try to reproduce the derived relations with simple models.
Under the assumption of instantaneous recycling approximation, following Tinsley (1980) and Peimbert, Colin & Sarmiento (1994) , the heavy-element mass fraction in the ISM, Z, evolves via:
where f I and f O are the inflow and outflow rates respectively, Z f is the metallicity of the infall gas, y denotes the yield, R is the mass fraction returned to the interstellar medium by a generation of stars, relative to the mass locked in stars and stellar remnants in that generation, ψ is the SFR and µ is defined as µ = M g /M b , where M g is the gas mass and M b is the total baryonic mass, i.e., the mass participating in the chemical evolution process. In general, Z, µ, ψ, f I and f O are explicit functions of time, while R and y may change according to characteristics of the stellar population like metallicity and initial mass function, but are usually assumed to be constant for a given population.
When there are no gas flows in and out of the system (f I = f O = 0), the model is called a closed-box model and the solution to Equation 3 provides the variation of Z(t) as a function of µ(t) via
In an infall scenario, in which gas flows into the system at a rate proportional to the amount of star formation, f I = α(1 − R)ψ, α being a free parameter, we can integrate Equation 3 for α = 1, assuming that f O = 0, and obtaining:
For α=1, the solution of Equation 3 is
In an outflow scenario, in which gas scapes from the system at a rate f O = λ(1 − R)ψ, λ being a free parameter, we obtain from Equation 3 assuming f I = 0, and for (λ = 1):
Finally, we will consider a model combination of inflow and outflow, and assume that the system gas flow is proportional to the mass that has taken part in the star formation: f = (α − λ)(1 − R)ψ, where we can define β = α − λ. In this case, we can integrate Equation 3 for β =1, to obtain
In summary, the chemical evolution of the galaxy is given by the yield y, the initial metallicity of the gas Z i , the fraction of gas mass µ(t), which is a function of ψ(t), and R, the mass fraction returned to the interstellar medium. In the case of inflow and/or outflow, also by the additional parameters α and λ.
We can now apply the former relations to the LMC. In the previous section we have derived ψ(t) for the LMC bar and disk, the latter being obtained from the combination of the four fields in our sample. µ is computed explicitly as a function of time from ψ(t), the balance of gas flowing to and from the system, and using as a boundary condition the current LMC gas fraction. In the case of the LMC disk, we have assumed the value derived by Kim et al. (1998) from observations of H I. These authors derived M g = 5.2 × 10 8 M ⊙ and estimated that the total mass of the disk is M b = 2.5 × 10 9 M ⊙ . With these values, we find the current gas fraction in the disk, µ f = 0.21. For the bar we have assumed the value of µ = 0.08 given by Westerlund et al. (1990) . For the yield, we have assumed the value obtained by Pagel & Tautvaisiene (1995) for the solar neighborhood, y = 0.014. Assuming the Scalo (1986) initial mass function, Maeder (1993) calculated a returned fraction associated to this yield of R = 0.44. Putting all these ingredients together, we will now explore several scenarios in order to reproduce the AMR of the disk and the bar.
In Figure 18 we have plotted the age and metallicity of each star in the disk, together with the mean metallicity and its dispersion, for stars in each age bin. In this figure, chemical evolution models have been superposed for different scenarios and parameter assumptions (see the figure caption). In the case of the infall models (green dashed lines), we have assumed a zero-metallicity infalling gas, in order to obtain the current metallicity. They do not reproduce the general behavior of the observed AMR. The disk AMR is well reproduced by outflow models (blue dot-dashed lines) with a relatively large range of λ. Finally, the combination of inflow and outflow (pink and cyan long-short dashed lines) models also reproduce the metallicity tendency (in this case the model that best matches the observed data has α = 0.2 and λ = 0.05). The previous models have been computed assuming the yield observed in the solar neighborhood which is probably too large for the LMC. With a smaller yield, y = 0.008 (red thick solid line), the observed AMR can be reproduced by a closed-box model. This yield would correspond to stars with Z = 0.001 (see Maeder 1993 , for details), which is slightly low compared with the mean LMC metallicity. Bursting and smooth models computed by Pagel & Tautvaisiene (1998) have been plotted as comparison (brown lines). The bursting model was computed assuming two burst of star formation, one about 12 Gyr ago and a strong one about 3 Gyr ago, and some fraction of infall and outflow. Note that their predicted values agree with our mean metallicity for each age bin, within the errorbars, specially at old and intermediate-age. It also qualitatively agrees with the episode of faster chemical evolution with started around ∼2 Gyr ago. The smooth model was computed assuming a constant star formation rate and does not match with the observations. In the case of the bar (Figure 19 ), the very slowly rising metallicity, almost constant over the last few Gyr, is best reproduced by the combination of models with inflow and outflow with infall parameter α = 1.2 and λ = 0.4-0.6 (pink long-short dashed lines). Infall models (green dashed lines) with α = 0.4-0.6 marginally reproduce the observed trend, but they predict higher metallicities than observed in the last few Gyr, unless a smaller yield would be assumed. Finally, outflow and closed-box models predict a rise of metallicity in the last few Gyr more steep than observed. The Pagel & Tautvaisiene (1998) bursting model agrees worse with the bar AMR than with that of the disk, specially in the youngest age bins.
Conclusions
Using infrared spectra in the CaT region, we have obtained metallicities and radial velocities for a sample of stars in four LMC fields. Metallicities have been calculated using the relationships between the equivalent width of the CaT lines, ΣCa, and metallicity derived in Paper II. In addition, we have estimated the age of each star using a relationship derived from a synthetic CMD which, from the color, magnitude and metallicity of a star, allow us to estimate its age. The main results of this paper are:
• The velocity distribution observed in each field agrees with the rotational thick disk kinematics of the LMC. The velocity dispersion is slightly larger for the most metalpoor stars. However, the values obtained do not indicate the presence of a kinematically hot halo.
• The metallicity distribution of each field has a well defined peak with a tail toward low metallicities. The mean metallicity is constant until the field at 6 • ([Fe/H]∼-0.5 dex), and is a factor two more metal-poor for the outermost field ([Fe/H]∼-0.8 dex).
• The AMR observed in each disk field is compatible with a single global relationship for the disk. We conclude that the outermost field is more metal-poor on average because it contains a lower fraction of relatively young stars (age≤5 Gyr), which are also more metal-rich.
• The disk AMR shows a prompt initial chemical enrichment. Subsequently, the metallicity increased very slowly until about 3 Gyr ago, when the rate of metal enrichment increased again. This AMR is similar to that of the cluster system, except for the lack of clusters with ages between 3 and 10 Gyr. The recent fast enrichment observed in the disk and in the cluster system is not observed in the bar.
• The ψ(t) of the three innermost fields show a first episode of star formation until about 10 Gyr ago, followed by a period with a low SFR until ∼5 Gyr ago, when the SFR increases, and reaches its highest values ∼2-3 Gyr ago. The outermost field does not show the recent increase of SFR. The second main episode is also observed, and is more prominent in the bar, where an increased SFR at old ages is not observed. The lower SFR between 5 and 10 Gyr ago is probably related to the age-gap observed in the clusters.
• Under the assumption of a solar yield, the disk AMR is well reproduced either by a chemical evolution model with outflow with λ between 1 and 2, so the disk losses the same amount of gas that has taken part in the star formation, or by models combining infall and outflow with α=0.2 and λ=0.05, which means that the galaxy is almost a closed-box system. With a smaller yield, the AMR could also be reproduced with a closed-box model. The bar AMR is well reproduced by models with a combination of inflow and outflow with α=1.2 and λ between 0.4 and 0.5. This suggests that the amount of infalling gas was larger than the amount that participated in the star formation in the bar, and also that the amount of gas that escaped the bar was 50% of the total that participated in star formation.
Discussion
The main result in this paper is that all our fields, covering galactocentric radius from 3
• to 8
• from the center (2.7 to 7.2 kpc) share a very similar AMR. The mean metallicity is very similar in the three innermost fields ([Fe/H] ≃-0.5 dex), and it is a factor of ≃ 2 smaller in the outermost field ([Fe/H] ≃-0.8 dex). Because the AMRs are the same, this has to be related with the lower fraction of relatively young stars (age ≤ 5 Gyr), which are also more metal-rich, in the outer part. We find, therefore, a change in the age composition of the disk population beyond a certain radius (≃ 6 kpc; note however that in this study we are only sensitive to populations older than ≃ 0.8 Gyr, and that differences among fields for younger ages could also exist), while the chemical enrichment history seems to be shared by all fields.
The comparison of the AMR observed in the disk with simple chemical evolution models suggests that the LMC is most likely losing some of its gas. This is in agreement with the work by Nidever et al. (2007) which suggests that the main contribution to the Magellanic Stream comes from the LMC instead of from the SMC as it was believed until now (e.g. Putman et al. 2003) . Alternatively, the LMC could be an almost closed-box system with small gas exchanges (α=0.2, λ=0.05). This could be in agreement with the models by Bekki & Chiba (2007) which suggest that the LMC has received metal-poor gas from the SMC in the last 2 Gyr. In our field we observed some stars with a low metallicity to which we assign an age younger than 2 Gyr. However, the uncertainty in the age determination is large.
We have also obtained the AMR of the LMC bar from the data by Cole et al. (2005) . The bar AMR differs from the one of the disk in the last 5 Gyr: while in the disk the metallicity has increased in this time, in the bar it has remained approximately constant. This feature is best reproduced by models combination of outflow and a relatively large infall of pristine gas. Models with a smaller yield, but with an infall of previously enriched gas also reproduce the observed bar AMR. This would be in agreement with the prediction that a typical bar instability pushes the gas of the disk towards the center (Sellwood & Wilkinson 1993) , so the infall gas is expected to be previously pre-enrichment by the disk chemical evolution. This would be also the case in the scenario suggested by Bekki & Chiba (2005) , in which the bar would have formed from disk material as a consequence of tidal interactions between the LMC, the SMC and the Milky Way about 5 Gyr ago, the moment when the bar AMR differs from that of the disk. Also, a bar is expected to destroy any metallicity gradient within a certain radius, as it is observed. Gallart et al. (2004) derived the LMC surface brightness profile using deep resolved star photometry of the four fields in the current spectroscopic study, and found that it remains exponential to a radius of 8
• (≃ 7 kpc), with no evidence of disk truncation. Combining this information with that on the deep CMD of the outermost field, which contains a large fraction of intermediate-age stars, they concluded that the LMC disk extends (and dominates over a possible halo) at a distance of at least 7 kpc from its center. In the present study, the kinematics of the stars in these four fields confirm this conclusion: the velocity dispersion of all four fields is similar, around 20 km/sec. If the stars are binned by metallicity, the velocity dispersion of the most metal-poor bin is slightly larger than that of the metal-richer bins (σ V ≃ 25 km/sec as opposed to ≃ 20 km/sec) but still not large enough to indicate the presence of a halo, even one formed as a consequence of the interaction with the Galaxy. In this case, Bekki et al. (2004) predicted a velocity dispersion ≃ 40 km/s at a distance of 7.5 kpc from the LMC center (similar to the distance of our outermost field). Other authors have also failed to find a kinematically hot halo (Freeman, Illingworth, & Oemler 1983; Schommer et al. 1992; Graff et al. 2000; Zhao et al. 2003) . The first evidence of the presence of a kinetically hot, old spheroidal population was reported by Hughes, Wood, & Reid (1991) using a sample of long period variables, which are related to an old stellar population. Recently, Minniti et al. (2003) observed spectroscopically a sample of 43 bar RR Lyrae stars, and obtained a large velocity dispersion (53 ± 10 km s −1 ) for them. It is possible that our failure (and that of other authors) to find evidence of a hot stellar halo is related with a low contrast of the halo population with respect to the disk one, even at large galactocentric radius as our outermost field.
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